n-Butanol (BuOH) often has superior properties as a bio-fuel compared to ethanol (EtOH). However finding sustainable sources of BuOH is proving difficult. In this paper, direct production of BuOH from EtOH is compared over custom-synthesized six Cu catalysts, supported on different solid acids. These catalysts were tested in a continuous flow supercritical CO 2 (scCO 2 ) reactor, and were found to catalyse the dehydrogenation, aldol condensation and hydrogenation steps of the so-called Guerbet reaction converting EtOH to BuOH. BuOH yields and selectivities were significantly different over the four catalysts. Cu on high surface area CeO 2 showed the best activity for BuOH formation, with yields above 30% achieved with good selectivity. In addition high pressure CO 2 is shown to have a positive effect on the reaction, possibly due to the redox cycle of Ce 2 O 3 and CeO 2 . formation was greatest over Cu/ZSM-5 and EtOAc greatest over Cu/Al 2 O 3 . However relatively large amounts of higher molecular weight products were formed over Cu/HSACeO 2 ; these higher products are also potentially useful in fuels.
Introduction
Interest in bio-fuels has increased considerably over recent years, particularly in view of concerns over climate change 1 and energy security. 2 One of the most common bio-fuels is EtOH which can be used as an additive to gasoline in unmodified gasoline engines, 3 or in high concentrations in more specialist engines. However EtOH has a number of problems as a fuel, including its miscibility with water, corrosion, and low energy content per unit volume compared to gasoline. Therefore BuOH has advantages as a fuel, because it has a higher energy content than EtOH, lower water absorption and better miscibility with gasoline. Current gasoline engines need little or no modification to burn neat BuOH. 4 Furthermore unlike EtOH, BuOH can be transported without major problems in current gasoline pipelines.
Industrially, BuOH is manufactured via the high pressure OXO process, 5 where propylene is hydroformylated to butyraldehyde using syn-gas and a homogeneous rhodium catalyst; butyraldehyde is subsequently hydrogenated to BuOH. Alternatively BuOH can be produced from acetaldehyde via an aldol condensation, again followed by hydrogenation. 6 BuOH can also be produced from EtOH via a sequence of steps collectively known as the Guerbet reaction. This one-pot process involves conversion of a primary aliphatic alcohol into its β-alkylated dimeric alcohol with the loss of one equivalent of water via the aldol condensation and hydrogenation steps shown in Scheme 1. Koda et al. have used a homogeneous iridium catalyst in the presence of 1,7 octadiene and EtONa to promote the Guerbet reaction achieving turn over numbers (TONs) in excess of 1200 with 51% selectivity towards BuOH at 38% EtOH conversion. 7 Recently Dowson et al. reported a range of ruthenium centred catalysts. 8 In their system, a selectivity towards BuOH of 94% was achieved, but the conversion was only a little over 20%, with TONs only in the hundreds. 8 The Guerbet reaction has also been demonstrated successfully in batch processes for a variety of different heterogeneous systems, including Li-exchanged Zeolites, 9 MgO, 10 Mg/Al mixed metal oxides 11 This paper focuses on Cu catalysts and their use in the Guerbet reaction. In the dehydrogenation of EtOH over supported Cu catalysts, either EtOAc or acetaldehyde can be formed depending on the reaction conditions. 16, 17 In these systems the Cu catalysts show good stability and activity at temperatures above 400°C. 17, 18 Cu has also been shown to successfully catalyse the hydrogenation of crotonaldehyde. In an attempt to synthesise BuOH, we have prepared catalysts by depositing Cu onto a range of supports capable of catalysing the aldol step. These include four acidic metal oxides (Al 2 O 3 , TiO 2 , silica/alumina SIRAL-40 from Sasol (Si/Al) and ZSM-5 zeolite) one high surface area (HSACeO 2 ) and one regular surface area CeO 2 . In addition we have used supercritical CO 2 (scCO 2 ), as the reaction medium because scCO 2 has been shown to improve selectivity and activity in several heterogeneously catalysed reactions, particularly in the present context, dehydrogenation, 19 aldol condensation 20 and hydrogenation. 19, 21 Experimental Catalyst preparation Cu(OAc) 2 was mixed with water at 70°C and small amounts of concentrated HNO 3 were added in those cases where not all of Cu(OAc) 2 dissolved. Sufficient catalyst support was then poured into the solution whilst stirring to give a final Cu loading of 10% by weight. 4 M K 2 CO 3 was added until the solution had reached pH 9 and the suspension was then stirred for 1 h. The solid catalyst precursor was filtered under vacuum and washed with de-ionised water until the washings reached pH 7. The filtered solid was dried at 120°C overnight and calcined in a furnace in air at 400°C for 4 h.
Catalyst characterisation
The catalysts were characterised using pXRD on a PANalytical X'pert Pro Multi-Purpose Diffractometer Fitted with a Cu Kα X-ray source at The University of Nottingham. Nitrogen physisorption measurements were performed on Micromeritics ASAP 2420 and Micromeritics Tristar 3000 instruments using the ASTM method D 4222-83 at Johnson Matthey Billingham. The surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The samples were outgassed at 140°C with a nitrogen purge for 1 hour prior to isotherm measurements. TPR measurements were taken at Johnson Matthey Billingham using an AMI 5200 Altamira instrument. Prior to loading the sample, the material was ground to a sieve fraction of 100-250 µm. 0.1 g of the sieved material was then loaded into a silica tube and the sample was then subjected to the following profile: firstly it was dried in 40 mL min −1 of argon at 140°C for 1 hour, then cooled to room temperature. The ramp for the TPR was room temperature to 1000°C at 10°C min −1 , held for 15 minutes and cooled to room temperature; the gas flow was 40 mL min −1 in 10% H 2 /Ar.
Catalytic reactions
All experiments were carried out using a high pressure, automated continuous flow reactor with on-line GC analysis. The reactor, described in detail previously, 20 is designed to record the effect on product yield of varying one reaction parameter (e.g. temperature, pressure, flow rate, etc.) at a time, (a diagram of the rig is included in the ESI †).
In a typical experiment, a tubular reactor (156 mm long × 3.525 mm internal diameter) was filled with catalyst and sealed into the apparatus. The catalysts were then reduced for 1 hour in a 5% H 2 /N 2 stream at 200°C. After this, the reactor was cooled to 150°C, the system pressure was set via the back pressure regulator, and the flows of EtOH and CO 2 were initiated. For all experiments, the flow rates were 1 mL min −1 CO 2 and 0.05 mL min −1 EtOH; this was consistent with an LHSV of 1.97 h −1 . The temperature ramp for the catalytic reactions was 150-350°C at 0.3°C min −1 .
The product stream was analysed with a Shimadzu GC-17A. The GC was fitted with a SPB-1701 column. Quantification was performed by integration of the peak areas; response factors and conversions were calculated by the internal normalisation method. 22 Direct sampling utilising an inline sample loop downstream of the reactor before depressurisation ensured that all volatile materials analysed.
Yields conversions and selectivities were calculated as carbon yields, using the same method used by Ogo et al. 15 via the equation below where C wt is the% weight of carbon in the molecule.
Unfortunately turn over frequencies (TOFs) could not be calculated; due the bi-functional nature of the catalysts it is not possible to define exactly what constitutes an active site i.e. Cu surface area relating to the hydrogenation/dehydrogenation reactions or the support that is catalysing the aldol step. In addition, for the Cu/CeO 2 catalysts, Cu surface area measurements could not be obtained because the standard procedure to measure Cu surface area is to use N 2 O frontal chromatography. 23 This method cannot be used Cu/CeO 2 catalysts as N 2 O is not only reduced by Cu but also by the CeO 2 support.
Results and discussion

Catalyst characterisation
The pXRD patterns for Cu/HSACeO 2 before and after reaction are shown in Fig. 1 . The diffraction pattern for unreduced Cu/ HSACeO 2 shows peaks at 27, 46 and 56 2θ°corresponding to CeO 2 phases; these are broad indicating that the support is amorphous. Although the unreduced catalyst is almost certainly present as CuO, no peaks assignable to CuO are detected in the pattern suggesting that the crystallites are small and highly dispersed. After reduction, the peaks of CeO 2 become broader, possibly as a result some of the CeO 2 having been reduced to Ce 2 O 3 reducing the crystallinity of the support. Only one small peak at 43 2θ°can be assigned to a Cu metal phase, implying that, after reduction, the Cu crystallites have maintained their small size and good dispersion on the catalyst.
The Cu/HSACeO 2 had a comparatively large surface area and pore volume due to the nature of the CeO 2 support. The BET surface area of the catalyst was 178.3 m 2 g −1 , the pore volume was [0.995 ads] cm 3 g −1 0.13 cm 3 g −1 and the average pore diameter 30 Å. Fig. 2 shows the TPR profile of the Cu/HSACeO 2 catalyst. Two peaks can be seen at 155 and 178°C. In accordance with the previous literature, 24, 25 the peak at 155°C is assigned to CuO interacting strongly with the CeO 2 support and the peak at 178°C to larger CuO particles with a weaker interaction with the CeO 2 .
BuOH production
BuOH formation was observed over all six supported Cu catalysts. However the different catalysts showed significantly different selectivities and yields for BuOH, as shown in Fig. 3 and Table 1 . It can be seen that both of the two CeO 2 supported catalysts performed better than the other three catalysts. Cu supported on the high surface area CeO 2 (Cu/ HSACeO 2 ) gave the best performance with 30% BuOH yield with a selectivity of 45%. This high yield was observed at 250°C, a temperature low compared to those previously reported for reactions over MgO and hydroxyapatite catalysts. 10, 12, 14 Over an MgO catalyst, 10 the maximum BuOH yield achieved was 18% and this was only achieved at the high temperature of 450°C. Using hydroxyapatite based catalysts in a flow system, Ogo et al. reported good selectivity towards BuOH of 86.4% at 300°C; the EtOH conversion, however, was only 11.3%. Using a Cu-Mg/Al mixed metal oxide catalyst in a batch system at 260°C for 100 hours Marcu et al. achieved BuOH formation with 80% selectivity; however EtOH conversion was again poor at 8%. 26 In the Cu/HSACeO 2 system here, high BuOH yields were maintained across the temperature range 200-350°C. At 200°C, the BuOH selectivity approached 70% whilst still giving a yield of ca. 20%. Good yields were also observed over the lower surface area CeO 2 catalyst (Cu/CeO 2 ), which gave 17% BuOH yield with a selectivity of 29% at 313°C. In addition, over the Cu/TiO 2 catalyst, significant BuOH formation was also observed, most notably with yields of around 13% at 270°C. Cu/CeO 2 catalysts have been widely reported for use in the Water Gas Shift reaction to generate H 2 and CO 2 from H 2 O and CO. 24, 27 In these systems the Cu/CeO 2 catalysts show good stability at high reaction temperatures (300-450°C) in a H 2 environment similar to the experiments presented here. 28 At these temperatures other supported Cu catalysts have been shown to deactivate quickly due to Cu sintering, which is a major cause of Cu catalyst deactivation. 29 There may be some stabilisation effects in the present system which may be why these Cu/CeO 2 catalysts are so active across the temperature range of the reaction.
With the other three catalysts, the BuOH yields were much lower; over Cu/Al 2 O 3 , BuOH was formed with a maximum yield of only 4% at 300°C and a selectivity of just 5%. Cu/Si/Al, gave a maximum n-BuOH yield of 6% with 12% selectivity at 270°C. Cu/ZSM-5 was the poorest performing catalyst and gave a maximum yield of only 1%, coupled with the poorest EtOH conversion. Fig. 4 shows how the formation of other products varies over the six catalysts. These data are important because the relative yields of these products help rationalize the observed activity of these catalysts for the production of BuOH. The additional products include acetaldehyde, EtOAc, diethyl ether (DEE) and higher molecular weight >C 4 products, see Fig. 4A -4H respectively.
Formation of other products
Cu/ZSM-5 which gave the lowest yield of BuOH gives the highest yield of acetaldehyde and DEE. This suggests that (i) the ZSM-5 support was catalysing the dehydration of EtOH to DEE as has previously been reported, 30 and (ii) ZSM-5 was relatively inefficient at catalysing the aldol step in the Guerbet reaction. Therefore any acetaldehyde formed in the first step is not reacting further to form crotonaldehyde and subsequently BuOH. The Cu/Al 2 O 3 catalyst also gave rather low yields of BuOH, but it did give high yields of EtOAc and intermediate yields of DEE. This suggests that, over this catalyst, rather than catalysing the dehydrogenation to form acetaldehyde, the Cu/ Al 2 O 3 support was promoting the dehydrogenation to EtOAc. The dehydrogenation of EtOH to EtOAc, has been well documented in the literature for a variety of supported Cu catalysts. 16 In addition to the formation of EtOAc the Al 2 O 3 is also catalysing the competing reaction to form DEE, observed previously, 31 but much less efficiently than Cu/ZSM-5.
The Cu/Si/Al catalyst led mainly to the formation of acetaldehyde, with a yield of 37% at 350°C; there was also significant amounts of DEE and EtOAc formed. Again, the results suggest that this support has poor activity for catalysing the aldol condensation to crotonaldehyde.
The two CeO 2 supported catalysts generate only modest yields of acetaldehyde, EtOAc and DEE, but the Cu/HSACeO 2 catalyst produces significantly greater yields of higher molecular weight products (beyond C 4 alcohols and esters), which are likely to be formed through multiple aldol condensations on the surface of the support. Production of these higher molecular weight products is not necessarily detrimental because, unlike EtOAc, DEE or acetaldehyde, they also have potential value in fuels. The difference in activity between the two CeO 2 supports can be attributed to the higher activity of the HSACeO 2 support for catalysing the aldol step compared to the lower surface area CeO 2 support. This difference is shown by the much higher yields of both BuOH and higher molecular weight products over the Cu/HSACeO 2 support. This is possibly due to the amorphous nature of the HSACeO 2 support leading to a greater number of acidic sites on the surface.
The Cu/TiO 2 catalyst was particularly active for the formation of higher molecular weight products with <55% yield at 325°C. In addition EtOAc formation was also observed. These observations are consistent with the work of Luo et al. 32 who have studied the aldol reaction over Degussa® P25 TiO 2 and observed large amounts of chain propagation beyond crotonaldehyde through further aldol condensations.
Effect of CO 2 on formation of BuOH
All of the experiments described above were carried out in the presence of high pressure CO 2 . Under such circumstances, one question always arises. What, if any, is the role of the CO 2 in the reaction? In order to answer this question, the reaction was run in the absence of CO 2 at atmospheric pressure, 30 and 100 bar, with the pressure being generated using the back pressure regulator. Fig. 5 summarises these results.
From the Figure it can be seen that (i) reasonable EtOH conversion occurs at atmospheric pressure in the absence of CO 2 but the conversion drops dramatically as the pressure increases. This is quite surprising because, at constant mass flow of EtOH, the residence time will increase with pressure. (ii) The highest conversion is obtained in the presence of CO 2 , and a pressure of CO 2 has an effect on the product distribution. (iii) Relatively little BuOH is formed in the absence of CO 2 . (iv) Pressure has little effect on the formation of higher esters, but the yield increases dramatically in the presence of CO 2 and (v) in the absence of CO 2 there is a relatively high yield of EtOAc at atmospheric pressure over the catalyst. This yield drops substantially as the pressure is increased; however 100 bar of CO 2 has little further effect on yield of EtOAc.
In addition to the experiments performed in the absence of CO 2 , the effect of the pressure of CO 2 was investigated (the results are shown in the ESI Fig. 2 †) . The pressure of CO 2 appears to have little effect on the reaction with yields and selectivities for n-BuOH similar at all of the pressures tested; 70, 100 and 180 bar. 100 bar is the most active system pressure with the best EtOH conversion and BuOH yield. Pressure and temperature will affect the density of the system and therefore the solvating properties of CO 2 towards both products and reactants. Pressure is also likely to affect the equilibrium of the reaction; higher pressure should favour the aldol condensation reaction due to Le Chatelier's principle, although this appears to have had a small effect in this case. The effect of CO 2 has not been investigated further by us but the high rate of aldol condensation in the presence of CO 2 could be due to CO 2 and H 2 O forming H 2 CO 3 and enhancing the acidity of the catalyst. In addition, the interaction of CO 2 with CeO 2 has been well documented in the literature, 33 because CO 2 has been shown to re-oxidise CeO 2−x at low temperatures; this is of great importance catalytically, as oxygen from the bulk of CeO 2 can migrate onto the supported metal particle and oxidise adsorbed species on the metal. 34 Thermodynamically the reaction, Ce 2 O 3 + CO 2 → 2 CeO 2 + CO, is favourable at 25°C. Sharma et al. 35 demonstrated this phenomenon using a Pd/CeO 2 catalyst with pulsed flow experiments at 350°C. By alternating pulses of CO and CO 2 they showed that CO is produced when CO 2 is pulsed over reduced CeO 2 . Staudt et al. 36 studied well-defined CeO 2−x films, supported on Cu (111) under UHV conditions, using resonant photoelectron spectroscopy to monitor the change in oxidation state of the CeO 2 surface as a function of CO 2 exposure and temperature. They discovered that oxidation of CeO 2−x by CO 2 occurs, (i) at room temperature, (ii) without any supported metal co-catalysts and (iii) in the absence of surface hydroxyl groups or water.
This suggests that CO 2 may indeed be playing an active role in the generation of aldol products (BuOH and higher molecular weight esters) in the EtOH + Cu/HSACeO 2 experiments, particularly because these products are formed in only trace amounts the absence of CO 2 in the reaction mixture. Therefore it is quite possible that CO 2 is regenerating the Ce 4+ species which are lost both during catalyst reduction and by reaction with the H 2 that is generated in the dehydrogenation step, particularly because Ce 4+ is active in the aldol condensation. 37 The pXRD pattern of the Cu/HSACeO 2 catalyst after reduction (Fig. 1) shows that it has become more amorphous in nature, consistent with the formation of Ce 2 O 3 phases formed as a result of the hydrogen treatment. 38 Barteau et al. reduced CeO 2 in pure hydrogen at 400°C and observed large amounts of Ce 3+ using XPS. 39 Le Normand et al. showed using X-ray absorption spectroscopy that during CeO 2 reduction the amount of Ce 3+ species formed was proportional to the surface area. The larger surface area CeO 2 the higher the amount of reduction to Ce 2 O 3 . Addition of Cu to CeO 2 is shown to reduce the redox potential of both Cu and CeO 2 . 40 This has been exploited for water gas shift catalysis. Using Cu/CeO 2 catalysts a complex relationship between Cu and the oxygen vacancies on ceria have been observed, this produces a catalyst that is much more active at lower temperatures. 27 
Conclusions
In this paper, the continuous upgrading of EtOH to BuOH and higher esters has been demonstrated with better results both in terms of conversion and selectivity than in most of the recently reported batch or continuous reactions. The results presented here are probably the consequence of the increased activity of a Cu/HSACeO 2 catalyst for the aldol condensation step in the reaction sequence known as the Guerbet reaction. In addition, the presence of CO 2 has a positive effect on the outcome of the reaction, possibly by enhancing surface acidity but more probably by re-oxidising the Ce without affecting the Cu. A secondary factor may be the smaller crystallite size of the Cu particles on the high surface area catalyst with a corresponding decreased tendency to sinter at higher temperatures. A more detailed engineering analysis would be required to decide whether high pressures of CO 2 could be cost effective in a large scale commercial process to upgrade EtOH, but it is worth noting that fermentation to produce EtOH involves the co-production of CO 2 . Overall the significance of this work is that it demonstrates that relatively high yields of BuOH can be obtained by upgrading EtOH using comparatively simple and uncomplicated catalysts.
